This study examines the use of a devitalized biological knee as a scaffold for repopulation with chondrocytes and tests the hypothesis that the devitalized scaffold would become repopulated with the foreign chondrocytes when placed in a suitable environment. Chimeric knee constructs were engineered in vitro and their ectopic in vivo fate was examined in SCID mice. The constructs were made by applying porous collagen sponges that contained viable bovine articular chondrocytes to shaved articular surfaces of devitalized embryonic chick knees. The chimeric joints were cultured for 1 week and were subsequently transplanted into dorsal subcutaneous pouches of 5-week-old mice. Specimens were prepared for histological analysis at 1, 3, 6, or 8 weeks after transplantation. Controls included empty collagen sponges, collagen sponges seeded with viable bovine chondrocytes, and devitalized chick knees without collagen sponge inserts. One week after in vitro incubation of the constructs, the porous collagen sponges with viable bovine chondrocytes were adherent to the shaved articular surfaces of the devitalized chick joints. There was abundant metachromatic neomatrix around the chondrocytes in the collagen sponges. During maintenance of the constructs in vivo, the chimeric joints exhibited dramatic changes. Bovine chondrocytes proliferated in the collagen sponges and formed abundant new matrix. Bovine chondrocytes migrated into preexisting chick cartilage canals at 1 week. Subsequently, bovine chondrocytes invaded the matrix of the devitalized chick knees. Bovine neocartilage obliterated the interface between the collagen sponge and the devitalized chick cartilage. With time in vivo, the bovine neocartilage expanded and replaced the chick matrix. The devitalized cartilage appears to provide a framework for supporting chondrogenesis in a chimeric joint.
INTRODUCTION
and began to populate the devitalized chick cartilage matrix (15). Even after 3 weeks in vitro, however, there A variety of congenital, traumatic, neoplastic, and dewas only limited invasion. It is our hypothesis that in generative conditions could be addressed in a more vivo conditions may provide a superior environment for physiologic manner with a biologic joint. Metallic joint repopulation of the scaffold with seeded cells. The purreplacements are not useful in infants and growing chilpose of the present study was to characterize the in vivo dren and adolescents. Previous studies described in vitro fate of the in vitro engineered joint in dorsal subcutanemodel systems for engineering a biological joint (1, 4, 15) . ous pouches of SCID mice, an in vivo environment pro-As a prototype for a chimeric construct, an embryonic tected from mechanical force. chick knee that had been devitalized by lyophilization was used as a biological scaffold for repopulation with MATERIALS AND METHODS viable bovine articular chondrocytes. In the most recent Collagen Sponges iteration (4, 15) , the constructs were made by applying porous collagen sponges that contained viable bovine ar-Twenty-one porous three-dimensional (3D) collagen sponges were prepared with some modifications from ticular chondrocytes to shaved articular surfaces of devitalized embryonic chick knees. The collagen sponges the method previously described (7) . Previously, a volume of 250 µl of collagen was used for each sponge, were readily adherent to the articular surfaces and provided a fiber lattice microenvironment supportive of but two of those were too large to insert into the prepared joint space. Thus, for this study, only 175 µl of chondrogenesis. With increasing time in vitro, the chondrocytes proliferated, produced dense cartilage matrix, 0.5% collagen solution was used for each sponge (Cella-162 WARDEN, ZALESKE, AND GLOWACKI wood, NJ) in Ham's F12 medium (Life Technologies, Rockville, NY) on a rocking shaker at 37°C. The cell suspension was filtered through 70-µm mesh cell strainers (Becton, Dickinson, and Company, Franklin Lakes, Preparation of Chick Knees NJ) and was centrifuged for 10 min at 1500 × g. The Chick knees were selected for experimentation for cell pellet was resuspended in Ham's F12 medium that two reasons: first, the size of the 19-day embryonic was supplemented with 10% fetal bovine serum (Life chick knee is similar to the knee in a postnatal mouse, Technologies), 100 U/ml penicillin (Life Technologies), the ultimate implantation site; and second, the immature and 100 µg/ml streptomycin (Life Technologies).
cartilage anlagen of the chick knee bones were envisioned to be permissive for invasion by viable chondro-Seeding Sponges cytes. Ten embryonic chick knees (19 days postfertilization, Charles River SPAFAS, Inc., North Franklin, CT) Cell suspensions (3.5 × 10 6 cells/50 µl medium per sponge) were injected with a 25-gauge needle into 20 were isolated using a stereomicroscope (6× magnification) (1). Chick embryos were removed from the eggs dry sponges that were placed in seeding devices (6) within six-well tissue culture plates (Becton, Dickinson, with aseptic technique and were sacrificed by decapitation. The soft tissues surrounding each knee were re-and Company). After 45-min incubation at 37°C and 5% CO 2 in air, 50 µl of additional medium was added on the moved. The collateral and cruciate ligaments were carefully preserved while the connective tissue was removed top of each sponge to complete the rehydration. After additional incubation for 1.5 h, 7 ml of medium was from the lateral, medial, anterior, and posterior sides of the joint (Fig. 1A) . The femur and tibia were trimmed gently added to each well. After 1 day in culture, one of the sponges was prepared for histological analysis (Ta-with a bone cutter. In addition, the patella, patellar tendon, tibial tuberosity, and menisci were removed. The ble 1). The remaining sponges were used for transfer alone into mice or for insertion into prepared chick anterior and posterior articular surfaces of the distal femur and proximal tibia were shaved carefully with a mi-knees and subsequent transfer into mice.
was sutured closed, posterior to the cruciate ligaments. The paired sponge "sandwich" was constructed so that the nonporous "skin" surface of each sponge faced each other, and the porous surface of each sponge lay flat against the shaved femoral or tibial epiphyseal surfaces. The collateral and cruciate ligaments were carefully preserved to maintain the joint structure and stability. A 4mm-diameter disk of expanded poly(tetrafluoroethylene) (ePTFE) periodontal membrane (W. L. Gore & Associates, Inc., Flagstaff, AZ) was sutured between the distal femoral and proximal tibial epiphyseal sponges to prevent the sponges from bonding to each other during culture ( Fig. 1C ). Use of the membrane had been found to ensure maintenance of all the joint spaces (15). Finally, a sterile stainless steel insect pin (size #1, 38 mm long, Ianni Butterfly Ent., Cleveland, OH) was inserted into the medullary canal of the femur, through the sponges and ePTFE membrane, and into the medullary canal of the tibia. The pins maintained the constructs in extension through histological processing. Two dissected chick knees without sponges served as controls. The five remaining seeded sponges and one unseeded sponge also for 7 days. One of the seven chimeric knees and one of the five seeded sponges were prepared for histological analysis (Table 1) . croscalpel blade (Accurate Surgical and Scientific In-Transplantation Into SCID Mice struments Corp., Westbury, NY) to make space for the sponges (Fig. 1B) . The knees were devitalized by lyoph-Six chimeric joints, two control dissected knees, four ilization. One of the 10 dissected knees was prepared for bAC-seeded sponges, and one empty sponge were transhistological analysis ( Table 1) .
planted into 13 5-week-old male SCID mice (Charles River Laboratories, Wilmington, MA). After the mouse Construction of Chimeric Joints was anesthetized by metaphane (Schering-Plough Animal Health Corp., Union, NJ) inhalation, a dorsal subcu-After 24 h in culture, 14 of the 19 seeded sponges were carefully sutured onto the shaved joint surfaces of taneous pouch was carefully constructed by blunt dissection. One joint or sponge was inserted into each animal seven dissected chick knees. The chick knees were hydrated with sterile PBS, and one sponge was sutured ( Table 1 ). The incision was closed with surgical staples (Becton, Dickinson, and Company). Seeded sponges (Ethicon 2808-6 suture) onto the shaved articular surface of the femur and another sponge was sutured onto the were harvested at 1 week (n = 1), 3 weeks (n = 1), 6 weeks (n = 1), and 8 weeks (n = 1) posttransplantation. shaved articular surface of the tibia. To wrap the sponges around the intact cruciate ligaments, it was necessary to One empty sponge was removed at 8 weeks after transplantation. Control, dissected chick knees without chon-make a radial slit approximately 5 mm long through each sponge with microscissors. The sponges were in-drocyte-containing sponges were removed at 3 weeks (n = 1) and 8 weeks (n = 1) posttransplantation. The serted into the joint space from the anterior joint line passing the cruciate ligaments through the slit. The slit chimeric joints were harvested after 1 week (n = 2), 3 weeks (n = 2), 6 weeks (n = 1), and 8 weeks (n = 1) collagen fibers and evidence of matrix deposition around individual cells (Fig. 2 ). posttransplantation.
Increase in Metachromatic Matrix in Collagen Sponges Histology
Containing bACs Transplanted Into SCID Mice The specimens were prepared for histological analy-First, the in vivo fate of chondrocytes in porous collasis by fixation in 2% paraformaldehyde (Fisher Sciengen sponges alone (not in the knee constructs) was astific, Fair Lakes, NJ) in 0.1 M cacodylate (Polysciences, sessed. After 1 week in vitro, four sponges were trans-Warrington, PA) buffer (pH 7.4) for 4 days at 4°C with planted into SCID mice and harvested at intervals of 1, shaking. The samples were decalcified in 7.5% EDTA 3, 6, and 8 weeks in vivo. All mice tolerated the procein 0.1 M cacodylate buffer for 5 days with frequent dure and postoperative course well. After 1 week in changes of solution. Samples were dehydrated with sovivo, there was dense cartilage matrix throughout most lutions of 70%, 80%, 95%, and 100% ethanol for 45 of the sponge, with the appearance of nodules bounded min each. Samples were infiltrated for 5 days with JBby the collagen fibers that form the lattice of the sponge. 4 catalyst (Polysciences). The insect pins were removed A fibrous capsule was formed around the sponge withand the samples were embedded with the posterior surout evidence of vascular or cellular penetration. After 3 face facing down in a mixture of 1 part JB-4 solution weeks in vivo, there was increased density and extent B and 25 parts JB-4 solution A (Polysciences). After of cartilage accumulation through the entire sponge. In polymerization under vacuum for at least 2 days, the addition, there were pairs of bACs distributed throughblocks were sectioned in posterior-to-anterior orientaout the sponge, an appearance suggestive of recent cell tion, placed on glass slides, and stained with 0.5% toludivision ( Fig. 3a) . Some invasion of murine connective idine blue (Fisher) at pH 4 for 30 s. tissue into the peripheral aspects of the collagen sponge was evident. After 6 weeks in vivo, large nodules of RESULTS much denser metachromatic matrix were still bounded Seeding Collagen Sponges With bACs by the collagen fibers of the sponge. The fibrous capsule Porous 3D collagen sponges provide a favorable enaround the sponge appeared thickened and poorly vascuvironment for seeding, migration, and proliferation of larized. After 8 weeks in vivo, collagen fibers within the bovine articular chondrocytes, and for synthesis of metasponge were frequently obliterated, giving the appearchromatic extracellular matrix. At 1 day after injection ance of fusion of smaller nodules into more continuous of the bACs into collagen sponges, there was uniform expanses of cartilage (Fig. 3b ). There was no evidence distribution of the cells through the lattice network of of expansion of the neocartilage beyond the limits of the collagen sponge. At 8 weeks in vivo, a collagen sponge without seeded chondrocytes was infiltrated with cellular and vascularized connective tissue within the collagen fibers of the sponge.
Maintenance of Integrity of Control Chick Knee After In Vitro and In Vivo Culture
Histological examination of a chick knee that had been cleaned, devitalized, and shaved but not cultured showed an intact joint space and epiphyseal cartilage with a high volume ratio of cellular lacunae to extracellular matrix. Normal preexisting canals throughout the epiphysis are characteristic of embryonic chick cartilage ( Fig. 4) .
Two chick knees were incubated in vitro for 1 week and were transplanted into SCID mice. After 3 and 8 weeks in vivo, there was loss of metachromasia, espe- planted into SCID mice, and were harvested after 1, 3, 6, and 8 weeks in vivo. One week after transplantation, there was cartilage matrix throughout the sponge and along the joint surface (Fig. 6a) . The bAC-containing sponges were adherent to both the shaved and unshaved 
Fate of Chimeric Joints In Vitro
One chimeric joint that contained collagen sponges with bACs was examined after 1 week in vitro. There was abundant, metachromatic extracellular neocartilage around the bACs in the pair of sponges (Fig. 5 ). The collagen sponges were adherent to the shaved articular cartilage and the ePTFE membrane was identified separating the joint space. There appeared to be less adherence of the collagen sponges in the region of articular cartilage that had not been shaved. 
Six chimeric joints that contained collagen sponges with
Original magnification: 75×, toluidine blue stain, 12.5-µm posterior-to-anterior section. bACs were cultured for 1 week in vitro, were trans-166 WARDEN, ZALESKE, AND GLOWACKI and was wrapped around the bone shafts (Fig. 8) . Chondrocyte proliferation and excessive neomatrix formation transgressed the distal femoral and proximal tibial joint surfaces forming a synchondrosis.
DISCUSSION
Previous work showed that bovine articular chondrocytes grew and produced matrix in a 3D porous collagen sponge in vitro (6) (7) (8) and that such a collagen lattice sponge could be used in engineering a biological joint when applied to a devitalized chick knee (4, 15) . Viable cells survived in the center of the 3D porous collagen sponge. It is notable that other cell types, like marrow (3), osteoblasts (11), and oral keratinocytes (12), have been shown to survive in the center only when medium is perfused through the sponges. Chondrocytes are dif- between the collagen sponges and the devitalized chick epiphyses (Fig. 7a ). Preexisting cartilage canals were filled with bACs and neocartilage and many of these areas were expanded beyond the canal borders, giving the appearance of replacement of chick matrix with bo- posttransplantation, bovine neocartilage had broadened ferent and, in fact, do less well with perfusion of me-It is striking that the bovine neocartilage invaded the collar of bone that comprises the medullary collar in dium than without (6) , unless the oxygen concentration is reduced (9). The chondrocytes' behavior in 3D sponges each bone. Thus, the processed matrix of the chick knee was readily encroached by neocartilage. is consistent with the avascular and low oxygen status of native cartilage in vivo.
The magnitude of the effusive behavior of the bovine articular chondrocytes was unanticipated. The chondro-When transplanted into subcutaneous pockets in SCID mice, bovine chondrocytes seeded into porous collagen cytes may be stimulated to invade the devitalized femur and tibia by a chemoattractant released from them. Al-sponges produced increasing amounts of neocartilage matrix with time. There was no evidence of resorption ternatively, the direct contact of bACs to the devitalized articular matrix of the chick knee may induce invasive of the fine collagen fibers of the sponge; rather they appeared to become obliterated and incorporated into the proliferation. This invasion is likely to require degradative and synthetic activities of the chondrocytes to be newly synthesized cartilage matrix. The collagen sponge retained the chondrocytes and matrix within its bounds coordinated with precision. It can also be speculated that factors in the in vivo environment may contribute to the when placed alone in the subcutaneous space.
In a previous in vitro study of chondrocytes in sponges differences in the fates of sponges alone and sponges within the chick knee construct. It is possible that the inserted into the joint space of devitalized chick knees, there was only very limited the ingrowth of chondro-neocartilage produces antiangiogenic factors that prevent vascular and cellular ingrowth (2, 5) , allowing the cytes into the chick scaffold after 2 and 3 weeks of culture (15). In this experiment, we assessed the in vivo chondrocytes unbridled overgrowth. Regardless, the devitalized cartilage appears to provide a framework for fate of seeded sponges and of chimeric constructs at intervals after transplantation into dorsal subcutaneous supporting chondrogenesis in a chimeric joint. This investigation used immunodeficient hosts so that a prototype pouches in SCID mice. It was anticipated that the in vivo environment would be more conducive to bAC pro-chimera with the plentiful bovine articular chondrocytes could be tested in vivo. Although immunocompetent hosts liferation and to cartilage formation within the chick scaffolds. The bovine neocartilage was found to enlarge may mount an inflammatory response to devitalized scaffolds, even if seeded with isogeneic chondrocytes, it beyond the limits of the collagen sponge, to expand along the shafts of the bones, to invade preexisting carti-may be possible to further cleanse the scaffold to limit this problem. These engineered joints were not subject lage canals, and to populate the articular and bone matrix of the chick knee. The proliferation of the bACs to motion or load in this environment within the dorsal pouch of the SCID mice. It is expected that the ePTFE obliterated the sponge-knee interface, with replacement of even deeper aspects of the chick scaffold with neocar-membranes would not be needed if the joints were loaded and articulating. Without motion, the scaffold tilage. After 3 and 6 weeks in vivo, the neocartilage completely extended well into the chick femur and tibia. function of the devitalized joint eventually appeared to be overwhelmed in this study. In the subcutaneous sites, 6 weeks gave the most favorable amount of repopulation of the chick scaffold, but 8 weeks allowed for excessive cartilage histogenesis and synchrondosis across the joint. The behavior of the engineered joint may now be assessed in orthotopic transplantation to assess the effect of motion on the maintenance of joint architecture. These data do not address the issue of immunological acceptance of a chimeric construct. A clinical example would be the use of devitalized, deantigenized porcine knee as a biological scaffold for reseeding with an infant's chondrocytes for construction of a congenitally missing knee. It would be necessary that the biological scaffold be completely cleansed of inflammatory or immunogenic material. Other delivery systems in addition to the porous collagen sponges used herein may also suspensions that would permit injection (14) . Finally, it around the tibia, and repopulates the devitalized chick knee. is necessary to determine whether the construct has the Original magnification: 30×, toluidine blue stain, 5-µm posterior-to-anterior section. potential to grow with the recipient.
